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Abstract 

Objectives: The cellular function of cyclophilin A (CypA) differs between 
organisms, even though CypA is conserved in both prokaryotes and eukaryotes. 
The purpose of this study was to elucidate the role of activated CypA isoform 
CPR1 in the antioxidative mechanisms of Saccharomyces cerevisiae under 
menadione (MD)-induced oxidative stress. 

Methods: Four S. cerevisiae strains, KNU5377Y (kwt) and BY4741 (bwt), and their 
isogenic cprIA mutant strains (kc1 and bc1), were treated with MD, at 
a concentration ranging between 0.25 and 0.4 mM. Cpr1 -mediated antioxidative 
effects were analyzed by measuring the levels of cellular glutathione (GSH) and 
ascorbate (AsA)-like molecules in yeast. 

Results: GSH and AsA-like reductant molecule concentrations were more 
reduced in the presence of MD in the kc1 strain than in the kwt strain; whereas, 
there was no significant difference between the bwt and bc1 strains under the 
same conditions. In kc1 strain samples, we observed a reduction in the expres- 
sion of proteins related both to GSH synthesis and the recycling system, and 
simultaneously, downregulation of GSH synthetase and GSH reductase activities 
were also evident. Oxidative stress in the kc1 strain was alleviated by the 
application of the GSH and AsA analog. 

Conclusion: These results indicate that activated Cpr1 modulates the response 
of antioxidant molecules involved in cellular redox homeostasis of KNU5377Y 
during oxidative stress induced by MD. 
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1. Introduction 

Oxidative stress results from the imbalance of 
stressful oxidants and homeostatic antioxidant systems 
[1]. To overcome the negative effects of transient or 
continuous reactive oxygen species (ROS) exposure, 
cells have evolved a variety of enzymatic and nonen- 
zymatic antioxidant defense systems that are capable of 
removing free radicals and their byproducts to protect 
the integrity of cellular structures and molecular 
chaperone systems [1,2]. Among the many anti- 
oxidative mechanisms, oxidative stress can be buffered 
by the activation of chaperone-like proteins, such as 
cyclophilins (Cyps). Menadione (MD; 2-methyl-l,4- 
naphtoquinone; vitamin K3) has been used as a model 
for studies on oxidative stress [3]. 

CypA has been isolated from a range of organisms, 
including bacteria and humans, and is the founding 
member of a class of ubiquitous and highly conserved 
enzymes collectively known as peptidyl cis— trans isom- 
erases, or prolyl isomerases. These enzymes catalyze the 
cis— trans isomerization of the peptide bonds preceding 
proline residues [4]. Cyps have been reported in a wide 
range of metabolic processes, such as: cell division, 
transcriptional regulation, protein trafficking, signaling 
and pre-mRNA splicing [5]; molecular chaperoning, 
stress tolerance, receptor expression, modulation of 
receptor activity and, proinflammatory cytokine-like 
behavior [6]; bacterial effectors during animal and plant 
pathogenesis [7]; and cell growth, mating and virulence, 
and cyclosporin toxicity in the pathogenic fungus Cryp- 
tococcus neoformans [8]. Furthermore, Cyp expression in 
plant tissues increases response to different types of 
stress, such as heat shock and infection by pathogens [9]. 
In vascular smooth muscle cells, oxidative stress leads to 
increased expression and secretion of CypA, where the 
peptidyl cis— trans isomerases activity of CypA is thought 
to be necessary for inhibiting nitric oxide (NO)-induced 
apoptosis and for activating extracellular signal- 
regulated kinase 1/2 [9]. However, the role of Cprl p as 
a component of cellular protection in yeast under 



oxidative stress has not been extensively studied because 
there is no noticeable difference in the response of 
BY4741 wild-type and cprl mutant cells to H2O2 stress 
[10]. 

In this study, we compared the concentrations of 
antioxidant molecules containing glutathione (GSH) and 
ascorbate (AsA)-like reductants in KNU5377Y and 
BY4741 wild-type strains and in their isogenic cprlA 
mutants, to investigate further the origin of the sensitivity 
of the cprl A mutant to MD-induced oxidative stress. 

2. Materials and Methods 

2.1. Strains and growth conditions 

The strains used in this study are listed in Table 1. 
Precultures, grown aerobically at 30°C overnight in 
YPD medium (1% yeast extract, 2% peptone, and 2% 
dextrose), were transferred to fresh YPD medium, and 
further cultured at 30°C and shaking at 160 rpm. Cells, 
upon reaching the mid-log phase (OD 60 o = 1-5), were 
exposed directly to 0.4 mM MD for 1 hour at 30°C. To 
analyze the effects of antioxidant compounds, antioxi- 
dant molecules with 10 mM N-acetyl-cysteine (NAC), 
10 mM GSH, and 10 mM AsA were pretreated for 1 
hour at 30°C. Subsequently, cells were washed twice 
with a phosphate-buffered saline solution (pH 7.0) to 
remove residual molecules. The washed cells were 
resuspended in YPD medium, exposed to 0.4 mM MD 
for 1 hour, and serially diluted to 10 -4 . 5 uL samples of 
the diluted solutions were spotted onto YPD agar plates 
and incubated at 30°C for 2—3 days. In the stress 
sensitivity assay, the wild-type and the isogenic 
mutant strains, upon reaching the mid-log phase, were 
exposed to 0.25 mM MD for 1 hour. 5 uL samples of the 
diluted solutions were spotted onto YPD agar plates. 

2.2. Determination of GSH levels 

Oxidized GSH (GSSG) and reduced GSH levels were 
determined by the formation of thio-nitrobenzoic acid, 
via the recycling assay using glutathione reductase 



Table 1. Saccharomyces 


cerevisiae strains used in this study 




Strain 


Genotype 


Reference 


KNU5377 




[12] 


kwt 


MAT a 


[13] 


kcl (cprl A) 


MATa, YDR155C:: kanMX4 


[13] 


BY4741 


bwt 


MATa, his3Al, leu2A0, metl5A0, uraiAO 


EUROSCARF 


bcl (cprl A) 


MATa, his3Al, leu2A0, metl5A0, uraiAO, YDR155C:: kanMX4 


EUROSCARF 


girl A 


MATa, his3Al, leu2A0, metl5A0, uraiAO, YPL091 W::kanMX4 


EUROSCARF 


gshlA 


MATa, his3Al, leu2A0, metlSAO, ura3A0, YJL101C: :kanMX4 


EUROSCARF 


gsh2A 


MATa, his3Al, leu2A0, metlSAO, ura3A0, YOL049 W::kanMX4 


EUROSCARF 


ara2A 


MATa, his3Al, leu2A0, metl5A0, ura3A0, YMR041 C: :kanMX4 


EUROSCARF 



EUROSCARF — European Saccharomyces Cerevisiae Archives for Functional Analysis. 
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(GR). Total glutathione content (GSH + 2 GSSG) was 
measured by adding either known standards (GSH) or 
properly diluted samples to a reaction mixture contain- 
ing 0.1 M phosphate buffer (pH 7.4), 6.3 mM EDTA, 
0.73 mM 5,5-dithio-bis-nitrobenzoic acid, 0.24 mM 
nicotinamide adenine dinucleotide phosphate, 0.09% 
5-sulfosalicylic acid, and 1.2 U GR, to a final volume 
of 1 mL. After incubation for 20 minutes at room 
temperature, the sample was measured at 415 nm. An 
additional reaction allowed the determination of GSSG 
alone. In this reaction, any GSH present in the sample 
was first removed by vortexing for 1 hour at room 
temperature with 0.05% 2-vinylpyridine. After centri- 
fugation, GSSG was measured using the same method as 
for total GSH measurement. The differences between 
total GSH equivalents (GSH + 2 GSSG) and twice the 
measured GSSG alone, were determined to be the 
measured amount of GSH in a sample [11]. 

2.3. Sodium dodecyl sulfate— polyacrylamide gel 
electrophoresis and western blot analysis 

Total cellular proteins were obtained from KNU5377Y 
and BY4741 cells treated for 1 hour with 0.4 mM MD at 
30°C [12,13]. Sodium dodecyl sulfate— polyacrylamide 
gel electrophoresis was performed by loading 25 ug 
denatured proteins, and were then electrophoretically 
transferred to polyvinylidene fluoride membranes. The 
membranes were blocked and then incubated with 
a primary antibody for GR (Sigma, St. Louis, MO, USA), 
glyceraldehyde-3-phosphate dehydrogenase (Ab Fron- 
tier, Seoul, Korea), as well as with tubulin (SantaCruz 
Biotechnology, Santa Cruz, CA, USA) as a control. Anti- 
glutathione synthetase (GS) antibody was synthesized 
with the amino acid sequence from Brassica rapa. An 
appropriate secondary antibody was tested, and the 
membranes were developed by enhanced chem- 
iluminescence (ECL kit; GE Healthcare, Pittsburgh, PA, 
USA), and processed. 

2.4. Measurement of AsA-like reductant 
concentration by the bipyridyl method 

Total AsA, reduced AsA, and dehydroascorbate 
(DHA) contents were determined using a method 
modified by Gillespie and Ainsworth [14]. Yeast cells 
were suspended in 5% (v/v) m-phosphoric acid plus 
glass beads (425—600 um) and vortexed with a Micro- 
Mixer E-36 (Taitec, Tokyo, Japan). The homogenate 
was centrifuged at 12,000 g for 20 minutes. Total AsA 
content was determined in a reaction mixture consisting 
of 100 uL supernatant, 500 uL 150 mM KH 2 P0 4 buffer 
(pH 7.4) containing 5 mM EDTA and 100 uL 10 mM 
dithiothreitol (DTT) to reduce DHA to AsA. The reac- 
tion mixtures were kept at room temperature for 
10 minutes, after which, 100 uL 0.5% (w/v) N-ethyl- 
maleimide was added to the mixtures to remove excess 
DTT. AsA was assayed in a similar manner, except that 



200 uL deionized water was substituted for DTT and 
N-ethylmaleimide. The colors were developed by add- 
ing reaction mixtures containing 400 uL 10% (w/v) 
trichloroacetic acid, 400 uL 44% (v/v) o-phosphoric 
acid, 400 uL a, a'-dipyridyl in 70% (v/v) ethanol, and 
200 uL of 3% FeCL. The reaction mixtures were 
incubated at 40°C for 1 hour and quantified spectro- 
photometrically at 525 nm. The concentration of DHA 
was estimated from the difference in the concentrations 
of total AsA and reduced AsA. 

2.5. Statistical analysis 

All experiments were repeated at least three times 
independently. Results were expressed as mean ± 
standard deviation. 

3. Results and Discussion 

3.1. Determination of GSH levels and enzyme 
expression, and effect of exogenous 
antioxidants on MD stress 

GSH is a non-protein thiol compound that is abundant 
in almost all aerobic organisms, and is essential for 
resistance and adaptation to oxidative stress [15]. To 
elucidate whether the acquired tolerance of the kwt 
strain under MD-induced oxidative stress was a result of 
the modulation of GSH caused by Cprl, we measured 
cellular GSH content in this strain and compared it to the 
bwt strain under normal conditions and oxidative stress. 

The concentration of total GSH, reduced GSH and 
GSSG was measured in the four strains (kwt, kcl, bwt 
and bcl). In the kwt strain, we clearly observed an 
increase in total glutathione (GSH + GSSG) (Figure 1 A) 
and reduced GSH (Figure IB), and a decrease in GSSG 
(Figure 1C), which led to a large increase in the ratio of 
GSH to GSSG (Figure ID), in the presence of 0.4 mM 
MD, compared to those concentrations exhibited by the 
kcl strain. There were no differences in total GSH, GSH, 
and GSSG concentrations, and the GSH/GSSG ratio 
between the bwt and bcl strains under the same condi- 
tions, even though the amplitude of these variations was 
higher in bwt and bcl compared to that in kcl (Figure 1). 

To examine whether the reduction of GSH levels in 
kcl was a result of the malfunctioning of GSH synthesis 
or GSH regeneration, GS and GR activities were 
analyzed using immunoblotting analysis. In the kwt, 
oxidative stress conditions induced GS expression to 
a higher degree than in other strains, because GS activity 
in the kcl, bwt and bcl samples could not be observed 
under MD-induced oxidative stress conditions. There 
was no difference in GR activity between the bwt and 
bcl samples, although activity increased in both strains 
in the presence of MD (Figure 2A). Low GSH accu- 
mulation in the kcl strain was due to either a lack of 
GSH synthesis by GS or of GSH recycling by GR, 
which resulted in increased sensitivity to MD-induced 
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Figure 2. Changes in expression of GS and GR, and the sensitivity assay of yeast strains under MD stress. Expression of GS and 
GR was measured using western blot analysis after exposure to 0.4 mM MD for 1 hour. The anti-tubulin antibody (Tub) was used 
as a housekeeping control (A). Stress sensitivity analysis of wild-type (bwt), gshIA, gsh2A and girl A strains of BY4741 was 
carried out using a spotting assay with serial dilution after 0.25 mM MD exposure for 1 hour (B). Effects of exogenous GSH and 
NAC were analyzed by spotting assay (C). Left, after exposure to MD without exogenous injection; middle, after exposure to MD 
with GSH treatment; right, after exposure to MD with NAC injection. GR = glutathione reductase; GS = glutathione synthetase; 
GSH = glutathione; MD = menadione; NAC = N-acetylcysteine. 
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stress, because girl knockout mutants, encoding GR, 
and gsh2 knockout mutants, encoding GS, but not gshl 
mutants were hypersensitive to MD (Figure 2B). 

We also investigated the effects of exogenous anti- 
oxidants to determine whether the injection of GSH and 
NAC, a precursor of GSH synthesis, reduces sensitivity 
to MD-induced stress in kcl yeast cells. As shown in 
Figure 2C, external supplementation with NAC and 
GSH alleviated stress sensitivity in all yeast strains 
compared to yeast strains without supplementation. 

As shown in the kcl strain, yeast strains lacking 
GSH, or with their GSH altered in its redox state, are 
sensitive to oxidative stress induced by peroxides and 
superoxide anions, as well as toxic compounds that 
induce lipid peroxidation [15]. Exponentially growing 
yeast cells on rich YPD medium under normal aerobic 
conditions have a high redox ratio (GSH/GSSG) of 
1 1 — 16.1, indicating that most of the GSH is maintained 
in a reduced form (GSH) (Figure ID) [15]. Unlike in 
the kwt strain, exposure of kcl cells to MD causes 
a reduction in the GSH/GSSG ratio and overall GSH 
levels (Figure 1), as well as a shift in the redox balance 
following an increase in the levels of protein mixed 
disulfides between cysteine residues and low molecular 
thiols (protein- S-thiolation) [16]. GSSG levels in the 
kwt samples were increased by 1.3-fold under oxidative 



stress conditions compared to normal conditions, even 
though the initial/final concentration level was 7.1 -fold 
lower in kwt compared to kcl. This increase in GSSG 
concentration is consistent with the role of GSH as both 
an ROS scavenger and a cofactor for various antioxidant 
enzymes, as shown in a previous study [15]. These 
results show that the recycling and synthesis of GSH is 
probably mediated in a Cprl -dependent manner in vivo, 
and is a significant mechanism of defense against MD 
toxicity because GSH content reduction by the repres- 
sion of GS and GR in the kcl strain increased its 
sensitivity to MD-induced stress. 

3.2. Assay of intracellular AsA-like reductant 
and effect of exogenous addition against 
MD stress 

A variety of nonenzymatic and low-molecular-weight 
molecules, including AsA and GSH, are important 
defenses against the actions of ROS. Recently, it has 
been reported that AsA, or its analog, is capable of 
protecting cells against oxidative stress [17]. The intra- 
cellular concentration of AsA-like reductants was 
measured using the bipyridyl assay method, which is 
a simple technique for the analysis of AsA or AsA-like 
reductants. As shown in Figure 3A, there were no 





Figure 3. Measurement of cellular AsA-like reductant levels. AsA-like reductant levels were measured from yeast cells without 
(white bar) and with 0.4 mM MD (black bar) for 1 hour. The levels are represented in nmol/10 9 cells/mL (A). Stress sensitivity was 
analyzed, using the spotting assay, for the wild-type (bwt) and ara2A strains exposed to 0.25 mM MD for 1 hour (B). The effect of 
exogenous antioxidants was analyzed using the spotting assay on yeast cells soaked in AsA for 1 hour before exposure to 0.4 mM 
MD for 1 hour (C). Left, after exposure to MD without exogenous stimulation; right, after exposure to MD with AsA treatment. 
AsA = ascorbate; MD = menadione. 
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differences in the concentrations of AsA-like reductants 
in all the yeast strains under normal conditions. In the 
presence of MD, the concentration of reductants in the 
kwt samples increased approximately 1.8 times more 
than in the kcl samples, even though the reductant 
concentrations of the kcl strain increased under the 
same conditions. Unlike the kwt and kcl strains, the 
levels of reductants did not differ significantly between 
the bwt and bcl samples. 

A decrease in the amount of reductants present could 
have resulted in increased sensitivity to MD-induced 
stress, as in ara2 mutant cells, which biosynthesized an 
AsA analog called erythroascorbate (EAA; D-glycero-2- 
pentenono-l,4-lactone), were hypersensitive to MD 
exposure (Figure 3B). This led us to question whether 
AsA-like molecules actually provide a protective effect 
during oxidative stress. To estimate the antioxidative 
response of AsA-like reductants, yeast cells were soaked 
in exogenous AsA before MD exposure. Additional 
exogenous AsA increased MD stress tolerance in all 
yeast strains, particularly in kcl (Figure 3C), indicating 
that AsA-like molecules such as EAA are part of the 
antioxidant defense system and that they are present in 
sufficient quantities to provide cellular protection. 

AsA is a well-known antioxidant, which acts in both 
plant and mammalian systems in concert with GSH to 
protect cells against oxidative damage by free radicals 
and ROS. It is well established that AsA is part of the 
antioxidant defense mechanism of many different cell 
types; however, in microorganisms, the role of AsA has 
been the subject of controversy. Although recent studies 
have reported only low levels of AsA in yeast cells, 
significant levels of EAA, an analog of AsA, have been 
detected. EAA is a five-carbon analog of ascorbic acid 
with an identical ring structure, and their close structural 
similarity has led to the suggestion that EAA might 
perform the same functions as AsA in organisms lacking 
the latter compound [18]. AsA has been shown to provide 
enhanced protection against oxidative stress induced by 
H 2 0 2 , paraquat [19—21], /ert-butylhydroperoxide, cumen 
hydroperoxide, and MD [22] in wild-type and mutant 
strains of S. cerevisiae (mainly the sodA and grx5A 
mutants), and restores the reduced lifespan [23] of, or 
abolishes auxotrophy [24] in the sodl -deficient strain 
under oxidative stress. These reports uncovered a new 
function of AsA as a potent antioxidant in eukaryotic 
cells. Although yeasts synthesize EAA instead of AsA, 
our results show that AsA-like reductant biosynthesis is 
mediated by the Cprl protein, which presumably has an 
important role in cellular redox processes. 

In conclusion, our results indicate that Cprl protein 
in the yeast strain KNU5377Y, but not in BY4741, is 
involved in regulating the accumulation of cellular 
antioxidants containing GSH and AsA-like reductants 
under MD-induced oxidative stress. We believe further 
study of this model may help to elucidate the actual 
function of Cprl protein in the antioxidative process. 
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